Abstract-In this paper we study the impact of nonlinear distortion effects on adaptive OFDM (Orthogonal Frequency Division Multiplexing) systems. An analytical statistical characterization of the transmitted signals is included which is obtained taking advantage of the Gaussian-like nature of the OFDM signals when the number of subcarriers is high. This statistical characterization is used to evaluate loading algorithms in the presence of strong nonlinear distortion effects and to redefine loading algorithms taking into account nonlinear distortion issues 1 .
I. INTRODUCTION
Multicarrier modulation (MCM) is the method of choice for the next generations of wireless standards [1] . It has been investigated as an effective technique for high data rate communications over multipath channels due to its robustness to intersymbol interference (ISI) and it has been used in a wide range of applications, e.g., asymmetric digital subscriber line (ADSL) [2] , wireless local area network (WLAN) systems [3] and digital broadcasting systems [4] , [5] . The principle of MCM is to split a high data rate information stream into a number of parallel streams with lower data rate and transmit them simultaneously. Its primary advantage over other data transmission schemes is this ability to transform a frequencyselective fading channel into a collection of approximately-flat subchannels, which yields simpler designs of the transceivers. In OFDM systems, a special form of MCM popular these days, we transmit parallel streams on a number of overlapping but orthogonal subchannels, allowing high spectral efficiency [6] , [7] . In this case, the implementation of the transceivers is made using a pair of DFT/IDFT blocks. Another advantage of MCM is its ability to adapt the subcarrier operating parameters to the communications channel, thereby enhancing the overall performance of the system.
Although several subcarrier parameters are available for adjustment, one of the most popular choices is subcarrier signal constellation size. The process of adjusting this parameter, called adaptive bit loading, involves an algorithm that adjusts the number of bits per subcarrier (and corresponding constellation size) according to the channel conditions, i.e. the transmitted number of bits is not equal across all subcarriers [8] , [9] , [10] , [11] . Another parameter that can be adjusted is the energy attributed to each subcarrier. It can be chosen according to the number of bits and channel attenuation on a particular subcarrier. Consequently, adaptive bit loading has the potential to achieve data transmissions that are very spectrally efficient.
With OFDM and other MCM schemes, the transmitted signals have large envelope fluctuations and high PMEPR (Peak-to-Mean Envelope Power Ratio), leading to amplification difficulties. For this reason, several techniques have been proposed to reduce the envelope fluctuations of OFDM signals, namely employing clipping and filtering techniques (see [12] and references within).
In this work we present an analytical approach for evaluating the impact of nonlinear distortion effects inherent to the signal processing techniques for reducing the PMEPR of the transmitted signals on OFDM signals. For this purpose, the statistical characterization of the signals along the transmission chain is obtained, taking advantage of the Gaussian-like nature of the OFDM signals when the number of subcarriers is high. This characterization is then used for an analytical performance evaluation and to define enhanced loading algorithms, taking into account nonlinear distortion effects. This paper is organized as follows: Sec. II presents the nonlinear distortion effects on OFDM signals considered in this paper. The statistical characterization of the transmitted signals is made in Sec. III and Sec. IV presents the loading techniques. A set of performance results is presented in Sec. V. Finally, Sec. VI is concerned with the conclusions of this paper.
II. NONLINEAR SIGNAL PROCESSING FOR OFDM SIGNALS
In this section we consider nonlinear signal processing schemes which operate on a sampled version of the OFDM signal. The basic transmitter structure considered in this section is depicted in Fig. 1 . This structure is similar to the clipping and filtering techniques proposed in [12] 
. A DFT brings the nonlinearly modified block to the frequency domain, where an optional frequency-domain filtering procedure, through the set of multiplying coefficients {G k , k = 0, 1, . . . , N − 1}, is considered to reduce the out-of-band radiation levels inherent to the nonlinear operation [12] (some of these coefficients are equal to zero in the out-of-band region).
When the guard interval is longer than the length of the overall channel impulse response, the received time-domain samples y n are such that {y n ; n = 0, 1,
, where the received symbol for the kth subcarrier is
with H k and N k denoting the corresponding channel frequency response and channel noise, respectively, and {S
III. CHARACTERIZATION OF THE TRANSMITTED AND
RECEIVED SIGNALS When the number of subcarriers is high (N >> 1) the timedomain coefficients s n can be approximately regarded as samples of a zero-mean complex Gaussian process. If
for k = k and 0 otherwise) then it can be easily demonstrated that E[s n ] = 0 and that its autocorrelation is given by
with σ 2 denoting the variance of the real and imaginary parts of s n .
In the following, we take advantage of the quasi-Gaussian nature of the samples s n to obtain the statistical characterization of the transmitted blocks. It is well known that the output of a memoryless nonlinear device with a Gaussian input can be written as the sum of two uncorrelated components: a useful one, which is proportional to the input, and a self-interference one [13] , i.e., s
where
with
The average power of the useful component is S = |α| 2 σ 2 , and the average power of the self-interference component is given by I = P out − S, where P out denotes the average power of the signal at the nonlinearity output and is given by
It can be shown [12] that the autocorrelation of the output samples can be expressed as a function of the autocorrelation of the input samples, as follows
and P 2γ+1 denoting the total power associated to the InterModulation Product (IMP) of order 2γ + 1, which can be obtained as described in [12] .
in the right-hand side of (7).
Having in mind (4), the frequency-domain block {S C k ; k = 0, 1, . . . , N − 1} = DFT {s C n ; n = 0, 1, . . . , N − 1} can obviously be decomposed into useful and self-interference components, i.e., S
and D k exhibits quasi-Gaussian characteristics for any k, provided that the number of subcarriers is high enough. Similarly 
and we can calculate an "equivalent signal to noise plus selfinterference" for each subcarrier, given by
IV. LOADING TECHNIQUES There are several bit loading algorithms proposed in the literature designed to achieve spectrally-efficient communications [8] , [9] , [14] . In this work we use the algorithm presented in [9] , but the analytical approach described in this paper can easily be extended to other algorithms.
The algorithm main objective is to maximize the data rate of the system, given a certain margin γ m , which is kept fixed. This is done by attributing the number of bits to the various subcarriers and distributing the available energy among them, according to its signal to noise ratio.
Representing by N on the number of subcarriers turned on and defining I as the set containing the correspondent indices, the total number of bits transmitted in a OFDM system is given
where the number of bits transmitted in each subcarrier can be written as
with SNR k representing the signal to noise ratio on subcarrier k. The SNR gap Γ represents how far the system is from achieving capacity and can be approximated by Γ = 9.8 + γ m dB for an uncoded system with a BER of 10 −7 [15] . Defining an 'average' signal to noise ratio for the overall OFDM system as
the total number of bits can be written as
This expression allows us to calculate the system margin from
The first step of the algorithm proposed in [9] is to determine which subcarriers are turned on and off. Initially all subcarriers are considered to be turned on and the set I is initialized with all subcarriers. Defining the coefficients
allows us to write
where ε k denotes the energy transmitted on subcarrier k. Subcarrier k is turned off if
where ε tot represents the total energy. After identifying which subcarriers are turned on/off, the next step is to distribute the total available energy by the active subcarriers. This can be done by simply dividing the available energy equally by the active subcarriers, which is usually called flat-energy distribution. We will use a more efficient way of doing the distribution, known as waterfilling, which consists in dividing the available energy according to the capacity of the subchannel. In this case the energy in subcarrier k is calculated from
and the number of bits transmitted in subcarrier k can then be calculated from
The obtained number of bits should be rounded according to the used constellations and the energy recalculated to ensure that the total distributed energy is equal to the total available energy.
As seen in section II, employing the statistical characterization of the frequency-domain block to be transmitted, we can calculate an "equivalent signal to noise plus selfinterference ratio" for each subcarrier, given by (12) . Defining the coefficients
this relation can be written as
Using this relation we can redefine the loading algorithm presented in the previous section and use it to analyze the effects of nonlinear distortion in OFDM transmission.
V. PERFORMANCE RESULTS
In this section we present a set of results concerning the application of the loading algorithm presented in the previous section taking into consideration nonlinear distortion effects. We consider an OFDM system with N = 256 subcarriers and Γ = 9.8 dB. The nonlinear operation is chosen to be an ideal envelope clipping, with clipping level s M /σ = 2.0, unless otherwise stated. The multiplying coefficients {G k ; k = 0, 1, ..., N − 1} are set to 1 for the N in-band subcarriers and 0 for the out-of-band subcarriers. We assume the use of both square and cross QAM constellations and the transmission over a frequency-selective channel, depicted in Fig. 2 . nonlinear distortion effects on the system. When loading is performed for the channel presented in Fig. 2 , with SNR C = 15 dB, without taking into consideration nonlinear distortion effects, we obtain 239 active subcarriers, a total of 1331 bits and a 1.67 dB margin. Taking nonlinear distortion effects into consideration changes these values, especially for low values of s M /σ, as can be seen in Table I . The 'real' margin for the The impact of s M /σ and SNR C on the total number of bits, active subcarriers and margin of the system is shown in Figs. 5 and 6, without nonlinear distortion effects and with nonlinear distortion effects and repeated loading. The real margin of the system is also shown. The number of bits per subcarrier and energy attribution to the active subcarriers for the last 64 subcarriers with and without nonlinear distortion effects is show in Fig. 7 .
VI. CONCLUSIONS
In this paper we study the impact of nonlinear distortion effects on adaptive OFDM systems. We included an analytical statistical characterization of the transmitted signals is included which is obtained taking advantage of the Gaussianlike nature of the OFDM signals when the number of subcarriers is high. This statistical characterization was used to evaluate loading algorithms in the presence of strong nonlinear distortion effects and to redefine loading algorithms taking into account nonlinear distortion issues. A set of performance results was presented, showing that the margin of OFDM systems can be improved by taking nonlinear distortion effects into consideration when applying loading algorithms. More accurate bit and energy distributions per subcarrier were also obtained. 
